Abstract Cells sense oxygen availability using not only the absolute value for cellular oxygen in regard to its energetic and metabolic functions, but also the gradient from the cell surface to the lowest levels in the mitochondria. Signals are used for regulatory purposes locally as well as in the generation of cellular, tissue, and humoral remodeling. Lowered oxygen availability (hypoxia) is theoretically important in the consideration of pharmacology because (1) hypoxia can alter cellular function and thereby the therapeutic effectiveness of the agent, (2) therapeutic agents may potentiate or protect against hypoxia-induced pathology, (3) hypoxic conditions may potentiate or mitigate drug-induced toxicity, (4) hypoxia may alter drug metabolism and thereby therapeutic effectiveness, and (5) therapeutic agents might alter the relative coupling of blood flow and energy metabolism in an organ. The prototypic biochemical effect of hypoxia is related to its known role as a cofactor in a number of enzymatic reactions, e.g., oxidases and oxygenases, which are affected independently from the bioenergetic effect of low oxygen on energetic functions. The cytochrome P-450 family of enzymes is another example. Here, there is a direct effect of oxygen availability on the conformation of the enzyme, thereby altering the metabolism of drug substrates. Indirectly, the NADH/NAD+ ratio is increased with 10% inspired oxygen, leading not only to reduced oxidation of ethanol but also to reduction of azo-and nitro-compounds to amines and disulfides to sulfhydryls. With chronic hypoxia, many of these processes are reversed, suggesting that hypoxia induces the drugmetabolizing systems. Support for this comes from observations that hypoxia can induce the hypoxic inducible factors which in turn alters transcription and function of some but not all cytochrome P-450 isoforms. Hypoxia is identified as a cofactor in cancer expression and metastatic potential. Thus, the effects of hypoxia play an important role in pharmacology, and the signaling pathways that are affected by hypoxia could become new targets for novel therapy or avenues for prevention.
Introduction
Oxygen in the mammalian cell plays a major role in energy production in the mitochondria, an oxygen-using organelle. Some suggest that oxygen is used as an energy source in the development of complex organisms [1, 2] , although others think that this is controversial [3] . Whatever the position, oxygen availability has been an inconstant factor over the evolution of unicellular and multicellular organisms [4] and has an inconstant effect with development [5] . As a result, cellular mechanisms which evolved in response to nutrient availability, xenobiotics, and other environmental threats have curious responses to and uses for oxygen [6, 7] . Glycolytic enzyme pathways are regulated by hypoxia [8] . Oxygen interacts with enzymes containing metals, structural motifs, and inorganic molecules which can bind oxygen [9] . Perhaps the best known are oxidase and oxygenase enzymes, which use oxygen as a cofactor. Moreover, oxygen is a molecule whose toxicity as a free biradical is actively regulated by the cell to attack viruses and bacteria, despite its danger for collateral damage to cell membranes and organelles [10] .
Historically, various nomenclatures to describe hypoxia were proposed. Prior classifications attempt to distinguish environmentally induced hypoxia from tissue and to cellular hypoxia [11] and from cellular energetic outcomes such as lactate production [12] . Most acknowledge that extreme hypoxia kills cells through a loss of energetic function, while lesser degrees are associated with survival and not only decrements in energetic function but also a number of enzymatic, cellular, and, at an organ system level, tissue compensatory reactions on the timescale of seconds to hours to days [11, 13, 14] . For the purposes of this review, we will not use a classification system but rather discuss the issue in terms of oxygen availability and select examples showing the relationships among oxygen level, biologic functions, temporal plasticity, and effects of pharmacologic agents.
Another factor to consider is the heterogeneity in oxygenation in the human body ( Fig. 1) [15, 16] . A cascade of oxygen availably occurs given the gradient from atmospheric oxygen concentration (21%) to the alveoli of the lungs (16-20%) to the extracellular compartment (∼1.5-5.5%) and then to mitochondria (∼0.05-1.0%) [17, 18] . Oxygen delivery in blood vessels is facilitated by a fourdimer heme protein, hemoglobin, in which the affinity for oxygen is allosterically affected by oxygen availability; however, even in the absence of hemoglobin, there exist complex organisms [19] . Myoglobin in the muscle can be considered the intracellular storage equivalent and contains only one heme unit [19] . The other factor is that, within a given organ, oxygen availability may vary according to blood flow, oxygen extraction, and oxygen dissociation from blood [4, 20, 21] . Hence, based on the cascade, it is difficult to generalize the potential for oxygen effects on micronutrients and xenobiotics.
Against this background, it is not surprising that pharmacologic action, metabolism, and catabolism might be affected by oxygen availability. Theoretically then, one can organize the effects of hypoxia into three broad categories. First, low oxygen can effect cellular function and alter drug action or metabolism. Second, hypoxia could potentiate or mitigate drug-induced toxicity. Third, cellular oxygen availability could be a cofactor to manipulate in the treatment of hypoxia-induced pathology.
This brief discusses in a nonexhaustive fashion examples of how hypoxia can alter pharmacologic actions either directly or indirectly through effects on metabolism and catabolism. Not only will acute effects on cellular proteins be considered, but also the effects of genomic remodeling. Finally, the elements that confer hypoxic responsiveness will be discussed in regard to therapeutic gain in those conditions, such as cancer, sleep apnea, chronic obstructive pulmonary disease (COPD), and heart failure, where a fall in oxygen availability appears to alter the pathogenesis of diseases.
Acute effects of hypoxia
There are general effects to acute hypoxia (seconds to minutes). Lowering levels of oxygen acutely inside the cell leads to immediate reductions in mitochondrial bioenergetic capacity and the development of a local anaerobic state. A reduction in adenosine triphosphate (ATP) production is estimated to begin at a critical [O 2 ] of 14 Torr, with a halfmaximal reduction occurring at ∼1 Torr [22, 23] . Thus, drug action that depends on cell energy, for instance, the accumulation of a toxin or drug, will be impaired. In addition, with a shift from aerobic to anaerobic metabolism, there may occur a fall in pH [7] . Local pH conditions in the cell can also contribute to an alteration in clinical effect or metabolism [24, 25] .
Many, but not all, enzymatic activities are directly affected by oxygen availability. These effects may be caused either by effect of oxygen on a catalytic domain, as in the case of oxygenases, or in a regulatory domain, as happens in cytochrome c [26] . The effects of oxygen in the latter instance can come into play over minutes and can persist for hours. Cytochrome oxidase has a widespread role in the cellular response to hypoxia such that when its activation state is experimentally manipulated the carotid body discharge rate is immediately increased and a hypoxia inducible factor 1 alpha (HIF-1 alpha) response is initiated [27] . The cellular effect on oxygen consumption is immediately recovered with reoxygenation and independent of an effect on cell survival or apparent injury [28] .
Another example of the interplay between oxygen and drug metabolism occurs in the cytochrome P-450 family of enzymes in which in the liver it catalyzes oxidations of drugs having both activating and catabolic effects [9] . The activities in this family of proteins are determined by Heme [29] spin rate which in turn is affected independently by xenobiotics and, as a consequence, drug binding and by oxygen availability [30] . The average hepatic O 2 concentration is between 10 and 21 Torr [31] . Affinities [32] of various P-450 isoforms vary not only by substrate but also by oxygen availability so that the range of Km activities of the P-450 class as measured in vitro ranges from 0.7 to 140 Torr [33] . Many other oxidases are oxygen-limited, and in the limited literature with whole animal studies, reducing inspired oxygen from 21% to 10% will reduce activity by ∼50% in many oxidases and oxygenases as well [34, 35] . While the biochemical mechanisms on this topic was extensively known by the 1970s, the translational import of these basic functions in terms of drug action and turnover is not well described and its effects on drug efficacy in recent times are not described. New approaches in modeling affinity based on crystalline structure may permit the prediction of its hypoxic effects [36, 37] .
The cell and the organism will respond to a slow fall by a conformance of oxygen consumption to oxygen availability. If oxygen is lowered rather slowly over several minutes, mitochondrial oxygen consumption is reduced along with the lowered oxygen uptake [38] . This reduction, if continued for 4-6 h, is immediately reversed upon reexposure to oxygen. One well-described mechanism for this effect is an allosteric inhibition of mitochondrial cytochrome c oxidase [38, 39] . A second is a reduction in Na// K-ATPase activity [40] , by internalization of the surface enzyme as triggered by reactive oxygen radicals [41] . The effect would be to reduce effectiveness of drugs that require energy for efficacy.
Redox-dependent mechanisms that depend upon the NADPH/NADP+ ratio are in turn regulated by oxygen availability. This ratio is reported to be increased as cellular oxygen tension falls [42] . This becomes relevant for alcohol to ketone conversion, which becomes a slower process (well known to mountaineers). Other nitro-and azocompounds are metabolized in an NADPH-dependent manner, as is glucuronidation. However, these could lead in vivo to paradoxical effects, namely the increase in NADPH/NADP+ ratio would be offset by an inhibition and downregulation of cytochrome P-450 [43] .
Hypoxia can augment drug toxicity. Pre-exposure to chronic intermittent hypoxia in mice increases acetaminophen toxicity. As initial metabolism of acetaminophen is achieved via glucuronidation and neutralization of the toxic acetaminophen byproduct, NAPQI, is highly dependent on glutathione, it is hypothesized that the altered redox state of the hepatocytes induced by CIH was responsible for the injury seen in these animals [44] . Paraquat is an insecticide that produces an acute damaging phase in the lung, followed by a reparative phase dominated by an extensive fibrosis. It selectively accumulates through an energydependent diamine transport process in the alveolar epithelial and Clara cells of the airway. When accumulated, paraquat undergoes a NADPH-dependent one-electron reduction to its free radical which reacts with molecular oxygen to reform a cation and concomitantly produce a superoxide anion, leading to direct damage of cell membranes. Paraquat will stimulate the pentose phosphate pathway and inhibit synthesis of fatty acids in a dosedependent manner and increase pulmonary levels of mixed Fig. 1 This represents the approximate values for oxygen expressed as percent content in various organ systems in the body and lists the ways that oxygen levels could influence drug action, metabolism, and novel therapeutics disulfides and reduce NADPH levels in the lung [45] . There is one case report of acute paraquat poisoning that suggests a combination of hypoxic ventilation with 14% oxygen and 86% nitrogen; hemodialysis and forced diuresis led to recovery without lung complications, implying that reducing oxygen under certain conditions can lead to therapeutic benefit [46] .
Common drugs can have unexpected effects that serve to mitigate the adverse effects of reduced oxygen availability and support the approach of "chemical preconditioning" to protect the brain [47] . Erythromycin and kanamycin appear to provide such hypoxic tolerance; in models, pretreatment by as much as 6 h will improve recovery to hypoxia in a hippocampal slice preparation (90% vs 30% recovery; p< 0.01) [48] . This has implications in terms of being a potentially confounding effect in an in vivo study of hypoxia in the setting of survival surgery. In in vitro studies, aspirin has a neuroprotective effect against hypoxic hypoxia and chemical hypoxia, delaying a decline in intracellular ATP content [49] . Such drugs might be considered for use in preconditioning in humans. Indeed, aspirin has been shown to be efficacious in preventing headaches in those traveling to high altitude [50] .
Effects of chronic hypoxia
If hypoxia is present over hours-to-days, a number of physiologic and cellular responses that many consider as adaptive, but probably should be considered as a remodeling process in the event that the hypoxic event is not fatal [22] , are engaged. Physiologically, oxygen delivery to tissue is part of the same network as that that excretes carbon dioxide (Fig. 2) . The gradients are reversed. If hypoxia is encountered, it can be restored through a number of systemic and central reflex adaptations. Some include increased alveolar ventilation mediated by carotid body reflexes, increased red cell volume via increased transcription and translation of erythropoietin, decreased oxygen consumption in some tissues which results in increased mixed venous oxygen, and an increased capillary density resulting in a shorter diffusion length from arterial wall to the cell [51] .
With chronic hypoxia, cellular adaptations will occur and some of these responses will be organ specific. In the brain, there is decreased oxidative metabolic capacity and a decrease in oxidative enzymes, decreased cytochrome c oxidase activity, decreased neuronal mitochondrial density, and increased glycolysis with an upregulation of several glycolytic enzymes [51] . These responses are thought to be appropriate for the maintenance of neuronal activity. In the periphery, hypoxia can upregulate P-450 enzymatic transcription and function and is predicted to affect drug efficacy. For instance, modafinil and its isomer armodafinil upregulate P-450 enzymes, thereby decreasing the effectiveness of birth control hormones [52] , in a manner similar to hypoxia. This being the case, there is the theoretical impact of hypoxic conditions in altering hormonal actions in conditions like cystic fibrosis or at altitude when oxygen-regulated P-450 isoforms could be upregulated by hypoxia [53] .
One prototypic hypoxic response involves a family of HIFs, namely HIF-1 alpha and beta and HIF-2 alpha. Of these, the story for HIF1 is better developed [54] . In the presence of oxygen, HIF is rapidly degraded, but in the absence of oxygen the mechanism for degradation is impaired, permitting it to move into the nucleus and regulate a number of downstream gene transcriptions, some of which like erythropoietin or vascular endothelial growth factor can be considered as an attempt to restore oxygen delivery. A number of drug enzyme levels are altered by chronic hypoxic exposure through the HIF pathway. These include cytochrome c oxidase [55, 56] and presumably other oxidases as well. The cellular response is an ancient one, occurring in pathways that regulate reactive oxygen species [55] .
The discovery of the HIF response pathway may give insight into design of pharmacologic or genomic manipulations that could counter hypoxic pathology or effect change using a hypoxia-mediated trigger [57] . For example, in some but not all epidemiological studies, coffee consumption is associated with decreased colon cancer but increased cardiac mortality [58, 59] . In an in vitro study, pretreatment with caffeine reduced adenosine-induced vascular endothelial growth factor (VEGF) promoter activity, VEGF levels, and interleukin (IL)-8 expression.
One mechanism for this effect may be explained by the knowledge that HIF-1 alpha and VEGF levels can be increased through A3 adenosine receptor stimulation, and the effects on IL-8 are mediated via the A2B subtype [60] . A similar effect on VEGF, as well as on other features of acute vascular leakage from subacute hypoxia, is seen with ingestion of seabuckthorn, a natural alternative therapy used for vascular disease [61] . Assuming that this effect is present in vivo, one could suspect that angiogenesis, a potentially deleterious effect in cancer but a beneficial one with vascular disease, is affected by xenobiotics commonly used by a population or group of patients.
Applied hypoxic pharmacology
The integration of these concepts currently finds a home in cancer therapeutics. Studies, using a variety of in vitro methods, have shown that cellular hypoxia produces at a DNA level point mutations, oxidative base damage, doubleand single-strand breaks, gene amplification, overreplication, and genetic instability [62] . These mechanisms were present by histochemical probes in the tumor microenvironment [63] . A second factor is the effects of hypoxia on oxygen consumption [64] .
Two other lines of research support the concept of manipulation of the tumor oxygen environment as a potential target for therapy, and not surprisingly HIF-1 alpha sits at the center of this research due to its ability to augment tumor angiogenesis, metabolism, proliferation, and metastasis [65] . First, the angiogenic response to hypoxia can be considered an important target for reducing cancer growth and metastasis [66] . This vascular response was well known from studies of systemic exposures, and the HIF-activated protein VEGF was known to be a major factor mediating this response [67, 68] . It became apparent that HIF expression occurred in a number of solid tumors, and furthermore that overexpression of HIF correlated with clinical outcome in terms of mortality, metastasis, and invasion in vivo and in vitro [54, 69] . The microenvironment of the tissue itself could also contribute to metastatic potential [70] ; and inhibition of HIF [54] or interruption of signaling downstream from HIF can reverse this process [71] . Second was the evidence that hypoxic cells were more resistant to radiation damage, thus providing an environmental haven for recovery. By 2004, strategies to manipulate the oxygen were articulated [62] . One approach is to improve tumor oxygenation at time of radiation or drug therapy, using strategies to increase tissue oxygen for instance with hyperbaric exposure, compounds that transiently improve oxygenation for instance motexafin gadolinium, and development of allosteric modifiers of hemoglobin-oxygen binding to reduce O 2 affinity for efficient O 2 discharge at the tissue level. A second approach would be to suppress HIF activation in order to enhance the efficacy of chemotherapy and/or antiangiogenic strategies [72] . A third is to develop agents called hypoxic sensitizers. The class of compounds with this effect are nitroimidazoles, agents with high electron affinity; one such agent (nimorazole) has been shown to have some benefit in head and neck cancer [73] . A fourth class is called hypoxia cytotoxins, bioreductive agents that selectively kill or are activated in the hypoxic regions of tumors. There are a number of enzyme systems being proposed but paramount is the consideration of P-450 isoforms using in silico approaches [37] .
It is beyond the scope of this review to go into more detail on this active area in research; however, we point to three examples as potential models for application to chronic medical diseases. First, there are agents which are activated in hypoxic regions. Such "prodrugs" would be selectively metabolized by oxygen-dependent enzymes from an innocuous agent to one that targets and damages DNA, leading to cell death. A hypoxia-activated prodrug, AQ4N, delays tumor growth and metastasis in a preclinical model of pancreatic cancer; but drugs in this class have in general had mixed results [74, 75] . Nevertheless, such a drug approach might be considered in diseases like sleep apnea, where transient hypoxia occurs, with the intent to reduce the presence or effects of reactive oxygen species. Second, it is proposed to use combination therapy to alter hypoxic effects in the tumor environment that might reduce killing of cancer in the setting of immunotherapy. For example, lowered oxygen availability would inhibit natural killer cells by several mechanisms. Antihypoxia adenosinergic therapy and immunotherapy are proposed to target the detrimental effects of high extracellular adenosine produced by inhibition of ATP synthesis and a reduced interferon response in response to HIF activation [76, 77] . This effect could operate to limit effectiveness of Fig. 2 Oxygen is delivered to tissue through a cascade of physiologic systems starting with ventilation. The excretion of carbon dioxide from the cell uses the same route. Oxygen and carbon dioxide intersect in regard to the actions of pH not only in red blood cells but also in cellular enzymatic pathways vaccines in high-altitude populations or in those with diseases like COPD where there is systemic hypoxemia. Third, one could utilize the HIF upstream regulators in a gene construct for an enzyme, perhaps even a novel enzyme, that would serve to convert a protein or prodrug into a locally cytotoxic agent [78] . Another is to use inhibition of HIF in certain pathways [54] . Any number of questions can be generated in considering these approaches. While the initial risk-reward might be higher in malignant than in nonmalignant disease, the issues of how one would construct such agents and utilize cellular promoters for therapeutic advantage in pathologic conditions where hypoxia has a causative or supportive role is of much interest.
If hypoxic effects are beneficial as in the instance of increasing oxygen-carrying capacity, one can pharmacologically elicit the same effect and potentially treat disease [79, 80] . The proof of principle has been shown in cell culture [81] , but in vivo inhibition of prolyl hydroxylase can work in vivo to inhibit ischemic injury [82] .
Issues and complications
We would be remiss to not mention the problems and confounding factors in these various research models and clinical applications. Some are obvious, namely cellular in vitro models are limited to the study of metabolism and cellular actions and results are often collected under cell suspension and/or without direct measures of local oxygen conditions. Dramatic differences in oxygen environments are used, assuming that such differences must have an impact on cellular oxygen, and are limited to one or another molecular without consideration of confounding effects of acidosis, enzymatic processes, etc. In addition, generalizations are difficult not only because tissues differ in the oxygen history and utilization, for instance comparisons between pulmonary and arterial endothelium, but also cells within a tissue differ in oxygen history and responses. In addition, results are independent of the effects of ventilation, flow, or tissue heterogeneity.
Exposure paradigms are not standardized. While methods could be better defined, a lack of common protocols does not permit comparisons between laboratories. The use of a common expression profiling platform could help adjust for differences in laboratory conditions, but often these are the same genes that are under study or subject to change in the intervention.
In regard to animal models, the systemic responses to hypoxia include not only the cardiopulmonary adaptations but hormonal and neural responses. For instance, hypoxic exposure activates carotid body afferent fibers not only to enhance ventilation and sympathetic activity but also to promote release of hypothalamic ACTH and increase cortisol levels [83, 84] . In the setting of chronic exposures, there are genomic adaptations that either mitigate or enhance pathology [85] . These and other factors might explain the paradox between the occurrence of lower oxygen consumption in cellular models of hypoxia and the increased oxygen consumption measured in humans ascending to altitude. Second, the animal model of hypoxia by causing a change in inspired oxygen level, may not model all disease states where cellular hypoxia is thought to operate in disease. Third, the paradigm of hypoxia forcing in steady-state (chronic) hypoxia is different to that in intermittent hypoxia when the intermittent exposures are spaced such as to assure full reoxygenation [86] .
Conclusions
From this brief review, it is apparent that the pharmacology of a wide variety of drugs is or can be dependent on local levels of oxygen availability. Mechanisms include both direct and indirect immediate effects on enzymes, energy-dependent ion pumps, and mitochondrial functions. There may occur genomic remodeling in a number of pharmacologic metabolic pathways. Some of these pathways are exaggerated in tumors and are associated with poor outcomes. From this literature on cancer therapy, it is clear that the oxygen environment of the cell can be manipulated for therapeutic gain.
There are in our opinion opportunities for research and discovery, under the heading of "Hypoxic Pharmacology." We can conceive a field devoted to clinically relevant outcomes and development of models for translational research. The applied chemistry and biology "model" is borrowed from the strategy used for cancer therapeutics. Pharmacology of hypoxia has been proposed for chronic diseases where cellular hypoxia is thought to increase or decrease disease progression [87, 88] . These include COPD, sleep apnea, heart failure, angina, and stroke. In addition, one could apply these concepts to altitude or other hypoxic exposures, including a consideration of drug effectiveness, cancer risk, probiotics, etc.
